Uptake hydrogenase mutant cells of the cyanobacterium Nostoc sp. PCC 7422 photobiologically produced H 2 catalyzed by nitrogenase for several days in H 2 -barrier transparent plastic bags, and accumulated H 2 in the presence of O 2 evolved by photosynthesis. Their H 2 production activity was higher in the sealed flexible bags than in stoppered serum bottles of fixed gas volume.
This paper describes the use of transparent flexible H 2 -barrier plastic bags as culture vessels for small-scale laboratory experiments in place of stoppered serum bottles for the accumulation of H 2 photobiologically produced by cyanobacteria. Some cyanobacteria produce H 2 by the action of nitrogenase accompanied by photosynthetic O 2 evolution. [1] [2] [3] [4] Plastic bags allow evaluation of H 2 production activity under ambient pressure accompanied by the emission and absorption of various gases.
Bags made from two types of gas barrier films were used: Besela film (donated by Kureha, Tokyo) composed of a poly-acrylate gas-barrier layer, and GL film (donated by Toppan, Tokyo) composed of an Al 2 O 3 -deposited gas-barrier layer. These films were laminated with a layer of biaxially oriented nylon (ONy) (15-25 mm), followed by either cast polypropylene (CPP) or low-density polyethylene (LDPE) (45-65 mm) on the inner surface, yielding four types of bags: Be-P and Be-E (Besela), and Gl-P and Gl-E (GL), with CPP and LDPE respectively (some of these should be available from GL Science, Tokyo). LDPE and CPP films withstand vapor heat treatment at 100 and 120 C respectively. Although the Be-P and Gl-P bags look hazy, chemical actinometry 5) indicated that all of them transmit more than 90% of incident visible light. In the following experiments, the bags were equipped with a laboratory-made gas-sampling device ( Fig. 1) 6) for sampling and exchange of gases. The concentrations of H 2 , O 2 , CO 2 , He, and Ne were determined by gas chromatography (detector, TCD; column, Rt-Msieve 5A PLOT, 0:32 mm Â 30 m, Restek, Bellefonte, PA). The gas volume in the bag was calculated by adding a known amount of He or Ne to it followed by gas determination.
The permeation of H 2 in the variously treated bags to the outside air was determined for several days under ambient atmosphere (about 1 atm, at about 25 C) with an initial H 2 concentration of about 5-10% in Ar. From the data, the permeability P m s (cm 3 m À2 atm À1 day À1 ) were calculated by eq. (1):
where V ¼ total gas volume (approximated to be constant, as the change was less than 1% throughout the experiments), q ¼ H 2 mole fraction, t ¼ time, S ¼ membrane surface area, p and p 0 ¼ H 2 partial pressure at time t and time zero respectively. Under these H 2 diffusion conditions, the numerical values of q and p are the same, and this yields P m s (Table 1 ) from eq. (2):
Nitrogenase is an O 2 -sensitive N 2 fixation enzyme limited to some prokaryotes that catalyzes the unidirectional production of H 2 as the inevitable by-product of the nitrogenase reaction. 1, 3) In the absence of N 2 , all the electrons are allocated to H 2 production. In cyanobacteria that have nitrogenase, the saccharides produced by O 2 -evolving photosynthesis usually serve as the source of electrons for the nitrogenase reaction. 1, 3) Although cyanobacteria have developed various responses alleviating the damaging effects of O 2 on nitrogenase, these responses are not always be enough completely to mitigate the O 2 effects. Stewart and Pearson 7) reported that in vivo nitrogenase activities (acetylene reduction) of Anabaena flos-aquae and Nostoc muscorum cells were inhibited by O 2 when the concentration exceeded 20% (v/v). The Nostoc sp. PCC 7422 mutant (ÁHup) cells, which were used in the study too, whose uptake hydrogenase gene (hupL) had been knocked out, accumulated photobiologically produced H 2 up to about 30% (v/v) in the presence of evolved O 2 .
8) The inhibitory effect of O 2 on this mutant was evident from the experiments in which the mutant cells were incubated in serum bottles with a starting gas phase of 20% O 2 -75% Ar-5% CO 2 : the concentration of the accumulated H 2 after 7 d was about 16% less than that of the culture with a starting gas phase that contained no O 2 (95% Ar-5% CO 2 ). 
Note nitrogenase induction were put into either open serum bottles without caps or taller serum bottles of the same diameter capped with butyl rubber septa, and both types of bottles were put into untreated Be-E plastic bags.
The bags containing open bottles were heat sealed. The initial gas volume was about the same for all the bottles. The time course of H 2 accumulation for the two types of containers was almost the same for the first 3 d, but after 5 d the sealed bags accumulated higher amounts of H 2 than the closed bottles (Fig. 2) . The decrease in H 2 concentration in the gas phase due to H 2 dissolved in the culture media was estimated on the basis of H 2 solubility to be only about 0.04% (v/v) greater in the capped bottles than in the sealed bags after 9 d due to elevated H 2 partial pressure. These results strongly suggest that the higher O 2 partial pressure in the capped bottles as compared to the open plastic bags decreased nitrogenase-based H 2 production activity more strongly than in the latter, in agreement with a previous report. 8) Gas-barrier plastic bags are suitable for measuring biological activities accompanying gas emission and absorption, such as H 2 production, methane production, and photosynthesis under ambient pressure. Flat surface bags are suitable for determining the efficiency of light energy conversion to H 2 . The size of the bag can easily be changed by heat sealing. The bags can also accommodate various structured materials such as a latex biomimetic leaf coated with purple photosynthetic bacteria in Besela bags for photobiological H 2 production.
9)
Amos 10) estimated the cost of hydrogenase-based photobiological H 2 production by the green alga Chlamydomonas, and pointed out that the product price of the bioreactor accounts for a significant portion of the overall cost. If the price of the bioreactor exceeds $100 per m 2 , then the system is not economically viable. Prince and Kheshgi 11) enumerated various technical issues that must be addressed to make photobiologically produced H 2 economically viable, and one issue identified is a need to develop inexpensive bioreactors. H 2 -barrier plastic membranes were found here to be potentially viable materials for inexpensive large-scale bioreactors floating on the sea surface 3, 4) in future realworld use. Although many of the relevant technologies are in the early stages of development, the medium-term target price of H 2 produced by cyanobacteria is estimated to be 26.4 cents per kWh. 4) Using an H 2 permeability (P m ) value of 50 cm 3 m À2 atm À1 d À1 (Table 1) , the leakage of H 2 from the plastic bioreactor was estimated to be 1.5 L m À2 over 60 d (compared with H 2 production: 912 L m À2 ) as follows: Cyanobacteria produce H 2 at 1.2% efficiency About 35 Â 45 Â 18 mm in size. 1, vice; 2, butyl rubber septum (gas barrier); 3, push bolt; 4, screw driving ring; 5, inner pad; 6, stopper with through hole; 7, needle. The plastic material for 1, 3, 4, 5, and 6 is PPS (polyphenylene sulfide). 
